The generalization of the second Chargaff rule to values of k larger than 1, 16 states that the frequency of any k-mer on a single strand almost equals that 17 of its inverse (reverse-complement). We demonstrate the validity of the 18 generalized rule up to k=10 for all human chromosomes. Moreover, this 19 
distributions of inverted pairs of k-mers are very different from other natural 23 pairings of k-mers, implying that inversion symmetry is a basic principle of 24 chromosomal structure. We suggest that it came into being because genomic 25 evolution employed many rearrangements which consisted of inversions of 26 chromosomal sections; on length scales down to order 1-10Kbp. Model 27 simulations substantiate this claim. Low-scale inversions during 28 chromosomal evolution imply that IS may exist for short sections of human 29 chromosomes. This is indeed the case: we find that chromosome sections of 30 length 5Kbp satisfy IS for k=1 and k=2. The largest value of k for which IS 31 holds, which we call the k-limit of IS, increases logarithmically as the 32 section length increases. The logarithmic dependence of the k-limit on the 33 length of the chromosome is a universal characteristic, observed throughout 34 the tree of life. Erwin Chargaff has stated, in 1950, the important observation that the 4 numbers of nucleotides in DNA satisfy #A=#T and #G=#C (Chargaff 1950 (Chargaff , 5 1951 ). This statement, made on the basis of experimental observations with 6 fairly low accuracy, played a crucial role in realizing that DNA has an 7 underlying base-pair grouping, as proposed subsequently by Crick and 8 Watson (1953) in their double-helix structure. 9 10
The second Chargaff rule (Rudner et al. 1968 ) states that the same sets of 11 identities of nucleotide pairs hold for each long enough single DNA strand. 12 This rule has been tested by (Mitchell and Bridge 2006) for genome 13 assemblies of many species, and found to be globally valid for eukaryotic 14 chromosomes, as well as for bacterial and archaeal chromosomes. It fails for 15 mitochondria, plasmids, single-stranded DNA viruses and RNA viruses. 16 17 The validity of the second Chargaff rule is unexpected. Obviously it should 18 be regarded as a global rule, i.e. applicable to large sections of 19 chromosomes. Nonetheless, not being derived from a compelling principle 20 such as the one underlying the first rule, it remains a mystery. This is even 21 more so, when one studies extended versions of Chargaff's second rule. We refer to the symmetry between numbers of appearances of k-mers and 31 their reverse complements as 32 Inversion Symmetry (IS): the number of occurrences of a k-mer of 33 nucleotides on a chromosomal strand is almost equal to that of its inverse 34 (reverse-complement) string. 35 Note that this implies that the number of times a string of nucleotides of 36 length k is observed on a strand, when read from 5' to 3', is almost equal to 37 the number of times it is observed on the other strand when the latter is read 38 from its 5' end to 3' end. Suggesting a criterion for exactness of IS by 39 requiring that inequalities between frequencies of inverted k-mer pairs be 40 less than 10%, we will show that the IS is valid up to k=10 on long human 1 chromosomes. We will refer to the highest k for which IS is valid as the k-2 limit of inversion symmetry. 3 4 By comparing inverted pairs with other natural pairings of k-mers, we will 5 demonstrate the unique features of IS, separating it from other pairings. 6 Moreover, we will argue that IS should not be regarded just as a feature to 7 be imposed on chromosome modeling, but also as one reflecting 8 evolutionary dynamics of chromosomes. We will demonstrate that in models 9 invoking random inversions of chromosome sections, one can obtain IS k-10 limits that mimic the biological ones. The values of k-limits, both the ones 11 observed in different species and the ones derived from models, increase 12 logarithmically with chromosome length.
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We will also discuss CpG effects on the distributions of other k-mer 15 pairings, and the fact that IS exists for both unmasked and masked version of 16 chromosomes, demonstrating that it is not due to repetitive and low-17 complexity sequences. which is the shortest among the 24 chromosomes, has the worse inversion 40 symmetry. IS holds also for all other (not shown) chromosomes but fails 1 (even at the k=1 level) for the mitochondrial one. (Table S1 ) we provide a list of the 13 highest k-values for which E k [x]<0.1, which we call the k-limits of IS, both 14 before and after masking. The observed reduction in k-limits from 10 to 9 15 for the largest chromsomes, may well be just because filtering shortens the 16 effective chromsome lengths. The effect of length on k-limits is an issue to 17 which we will return below.
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We have performed the same analysis on the older genome assembly HG18, 20 leading to very similar results (see Supplemental Material Table S2 ). We 21 find similar IS results for mouse, frog, fly, worm, and yeast. Moreover, we 22 find that inversion symmetry holds also for bacteria, but it is valid for a 23 lower range of k-mers, only up to k=6 or 7. The vast difference between case (a) and cases (b) and (c) should be kept in 8 mind when we summarize the observations in terms of only the averages, The CpG effect 2 3 The large hump in the distribution of reverse-pairs and random pairs in 4 human deserves some elaboration. This is related to the well-known CpG If IS holds for some k=k 0 , it will hold also for all k<k 0 , since the latter are The simplest random model is that of a uniform distribution, which is 33 generated on the basis of the second Chargaff rule (i.e. #A=#T and different 34 from #C=#G). Such a distribution will trivially account for low μ ka values 35 for large values of k, limited by the length of the model chromsome. 36 However it will also give rise to very low μ kc values for a similar range of k, 37 because any comparison of k-mers with one of their permutations will lead 38 to similar E k [x]. In other words, this random independent (but not IID) 39 model satisfies additional symmetries that are not observed in genomic data. 1 Therefore it cannot serve as a model of inversion symmetry. 2 3 A plausible explanation of the observed IS can be based on the fact that 4 genomes evolve through rearrangement processes. By comparing synteny 5 blocks in human and mouse, (Pevzner and Tesler 2003) have argued that 6 rearrangements occur on many scales in the genome, and intra-chromosomal 7 rearrangements are more frequent than inter-chromosomal ones. 8 Rearrangements may be viewed as inversions of sections between two 9 breakpoints on the chromosome, and they may even follow one another in a 10 nested fashion. In their study (Pevzner and random selections of subsequences of chr M. We then apply to it 21 rearrangements at various scales. We found that 5,000 rearrangements at 22 scales of 100K have led to good IS effects, but best results were obtained for 23 50,000 rearrangements, whose breakpoints were randomly chosen, and their 24 section lengths befit a uniform distribution of length < 10K. These results 25 exhibit a high degree of IS, as displayed in Fig. S1 of the SM.
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Next we have also tested the application of random inversions to random with lengths uniformly distributed within a range R, for inversion processes, 35 and applying such inversions for G generations, we find that for model 36 chromosomes of L=1M and R=1K or 10K, we can obtain IS of k-limit=5 37 with G=10K, and k-limit=6 with G=100K. Increasing G to 1M already leads 38 into the zone of large reversal symmetries. For L=10M and R=10K one 39 induces IS up to k-limit of 7 with G=1M and 8 with G=8M. Inversion Symmetry for Chromosomal Sections. 3 4 In view of the models discussed above one may expect IS to be observed on 5 many sections of large chromosomes, as long as these sections are large 6 enough so that they are expected to experience sufficiently many 7 rearrangements during evolution. We have tested it on human genome Generalizing the second Chargaff rule to k-mers with 1<k≤10 or so, we have 3 demonstrated the existence of an Inversion Symmetry, stating that the 4 frequency of any particular k-mer is equal to that of its inverse (reverse-5 complement) on the same strand. This is tantamount to stating that the k-6 mers encountered on one strand, when read from 5' to 3', are the same as 7 those encountered on the other strand when read from its 5' end to 3' end. 8 Examining both eukaryotes and prokaryotes, we find that IS holds for a large 9 range of k, which grows logarithmically with the length of the chromosome 10 (or chromosome segment). We have introduced an IS criterion of found in genome assemblies. We have proposed that the mechanism for IS 21 emergence is primarily due to chromosomal rearrangements throughout the 22 evolutionary history of chromosomes. We demonstrated this effect on 23 several synthetic models, starting with an "asymmetric chromosome" which 24 violates IS even at k=1, and ending with explicit IS with high k-limits. 25 According to the model, these rearrangements include many inversions of 26 small genomic sections in order to produce IS for large k-values. H  G  3  8  .  c  h  r  1  2  3  0  4  7  9  6  2  7  1  0  H  G  1  8  .  c  h  r  1  2  2  4  9  9  9  3  6  8  1  0  c  h  i  m  p  .  p  a  n  T  r  o  2  .  c  h  r  1  2  1  7  1  8  9  8  2 
